with ␣ responsible for eEF1A binding and for the catalytic activity of nucleotide exchange. eEF1A interacts with the actin of the eukaryotic cytoskeleton and may thereby play a role in cellular transformation and apoptosis (Duttaroy et al. 1998) . EF-Tu can have no such role in bacteria.
Our previous analysis of rate changes between EFs identified 17 positions that were evolving more rapidly in bacteria than eukaryotes versus 19 sites that were evolving faster in eukaryotes than bacteria (Gaucher, Miyamoto, and Benner 2001) . These 36 positions with the greatest rate differences were evaluated for their potential roles in the functional divergence between EFs by mapping them onto the available tertiary structures of bacterial EF-Tu (Nissen et al. 1995; Song et al. 1999) . The resultant conclusions were presented as a set of testable hypotheses that awaited further determination of the tertiary structure for eukaryotic eEF1A.
While our paper was in press, Andersen et al. (2000) published the crystal structure of the eEF1B␣-bound-state of eEF1A ( fig. 1 ). This new tertiary structure confirms that eEF1A and EF-Tu use the same homologous regions and majority of conserved sites to bind aminoacyl tRNAs (aa-tRNAs). However, the two EFs are now seen to differ markedly in their binding to nucleotide exchange factors ( fig. 1 ). These differences exist even though the mechanism of nucleotide exchange between eEF1A and EF-Tu appears the same (Andersen et al. 2000) . EF-Tu binds to EF-Ts through ␣-helix D and coils at the surfaces of domains 1 and 3, respectively. In contrast, although present in eEF1A, these secondary structural elements are not involved in its binding to eEF1B␣. Instead, eEF1A binds to its nucleotide exchange factor through a distinct hydrophobic pocket and other unique contacts on the surfaces of domains 2 and 1, respectively.
The original 36 sites with shifting rates corresponded to those with rate differences of Ն2 standard deviations (SD, 1.52 replacements/site/unit evolutionary time) from the mean (Ϫ0.03 replacements/site/unit evolutionary time) for all 380 aligned positions of EF-Tu versus eEF1A (Gaucher, Miyamoto, and Benner 2001) . Although used in this way, these cutoffs were not viewed as rigorous thresholds of statistical significance but were rather treated as conservative approximations with heuristic value. One obvious reason for this conservative interpretation was that these rate differences were not standardized for their absolute values (Sokal and Rohlf 1981, pp. 417-421) . This potential bias can be corrected by log transforming the individual rates before subtracting them between the two groups.
This concern (and others) was addressed in the current study by two different methods. First, the original rate estimates of Gaucher, Miyamoto, and Benner (2001) FIG. 1.-Tertiary structures of: (A) EF-Tu bound to GDP:EF-Ts from Escherichia coli (Stark et al. 1997; Song et al. 1999) ; (B) EF-Tu bound to GTP:aa-tRNA from Thermus aquaticus (Nissen et al. 1995) ; and (C) eEF1A bound to eEF1B␣ from Saccharomyces cerevisiae (Andersen et al. 2000) . These three orthologues are 393, 405, and 458 residues long, respectively. Saccharomyces cerevisiae displays 67% and 68% sequence similarity to E. coli and T. aquaticus, respectively. Structures are drawn with Molscript (Kraulis 1991) . Green and red identify those sites from the posterior probability analysis, which are evolving slower in eukaryotes than bacteria, and vice versa, respectively (table 1). Those binding regions, secondary structures, and sites that are highlighted in the text are labeled. In (C), the three domains of EFs are numbered and phenylalanine 163 from eEF1B␣ is shown in stick representation. This residue is highlighted, as it is necessary for interactions with the unique hydrophobic pocket on the surface of eEF1A (Andersen et al. 2000) .
were log transformed before reanalysis by their quantilebased method. In this way, 24 sites (rather than 36) were identified with significant rate differences between bacteria and eukaryotes (mean and SD of 0.11 and 1.47 replacements/site/unit evolutionary time for all 380 positions, respectively, table 1). By emphasizing only those sites with the greatest (corrected) rate differences, this approach offered a conservative alternative to the other adopted method (see below).
Next, the EF sequences were analyzed by the posterior probability method of Gu (1999 Gu ( , 2001 , using the same gene phylogeny and ML conditions as in Gaucher, Miyamoto, and Benner (2001) . This approach relied on the Jones, Taylor, and Thornton model, with site-tosite heterogeneity in rates according to the gamma distribution, to calculate the posterior probability of a rateshift site from the replacement differences of bacteria versus eukaryotes. This posterior probability method is based on a solid statistical foundation (Gu 1999 (Gu , 2001 , has been used successfully by its author and others in studies of protein functional divergence (Naylor and erstein 2000; Wang and Gu 2001) , and is now available Gaucher, Miyamoto, and Benner (2001) . The properties and functions of these sites are based on biochemical, cellular, and structural data for bacterial EFs (Krab and Parmeggiani 1998; Negrutskii and El'skaya 1998) . Those sites that are also significant according to the log-transformed versus original rate differences are underlined and italicized, respectively. In all, 21 and 28 sites overlap between those from the Bayesian analysis versus log-transformed and original rate differences, respectively. In turn, 17 positions overlap among all three approaches (bold). In addition to the 21 sites, 3 other positions (31, 40, and 42) are significant according to their log-transformed rate differences. In addition to the 28 sites, 8 additional positions (32, 102, 117, 135, 141, 176, 269, and 322 ) are significant according to their original rate differences (Gaucher, Miyamoto, and Benner 2001). in a computer package for the analysis of rate-shift sites and structural biology (http://xgu1.zool.iastate. edu).
The overall estimate of functional divergence () between EF-Tu and eEF1A was 0.71 (SD ϭ 0.04). As ranges from 0 to 1 (with 0 indicating functional conservation), this estimate was indicative of significant functional divergence between the two EFs. A total of 49 sites was then identified with posterior probabilities of Ն95% (table 1) . Of these 49 sites, 21 overlapped with the 24 from the log-transformed rate differences. This implies that the second set of sites is a subset of the first and that the analysis based on log-transformed rate differences is more conservative than the posterior probability method.
The new tertiary structure of eEF1A:eEF1B␣ is characterized by a closed compact configuration that is more similar to EF-Tu:GTP:aa-tRNA than to its EF-Tu: GDP:EF-Ts counterpart ( fig. 1 ). This similarity and difference support the hypothesis that eEF1A does not undergo a major conformational change between its active (GTP) and inactive (GDP) states, as does EF-Tu (Negrutskii and El'skaya 1998). This conclusion also identifies a large central pocket of EF-Tu:GDP as a potential site for an antibiotic or drug that is specifically targeted at EF-Tu in bacteria.
The availability of tertiary structures for both eEF1A and EF-Tu now provides an opportunity to more rigorously test the potential functional importance of those sites with significant rate changes. Eight positions with slower rates in bacteria than eukaryotes were identified by Gaucher, Miyamoto, and Benner (2001) from in and around the binding regions of EF-Tu to EF-Ts. These sites were hypothesized as important to the interactions of EF-Tu with EF-Ts but not of eEF1A with eEF1B␣. The new posterior probabilities and crystal structure of eEF1A now strengthen this hypothesis. The posterior probability analysis identifies eight sites from the same binding region as above that are evolving slower in bacteria than eukaryotes (103, 106, 133, 136, 138, 144, 336, and 337) (table 1) . In turn, the new tertiary structure of eEF1A maps these eight positions to ␣-helix D and a coil on the surfaces of domains 1 and 3, respectively ( fig. 1) . However, in contrast to EF-Tu, these secondary structures are not involved in the binding of eEF1A to its nucleotide exchange factor. Thus, these eight positions may be evolving faster in eukaryotes than bacteria because they are under less functional constraint for the binding of eEF1A to eEF1B␣.
In addition, at least some of the four sites from ␣-helix D (136, 138, 144, and 153) may be evolving slower in bacteria than eukaryotes because of differences in ribosome binding (table 1 and fig. 1 ). In EF-Tu, ␣-helix D binds to the L7/L12 stalk of the ribosome, as well as to EF-Ts (Wieden, Wintermeyer, and Rodnina 2001) . In contrast, ribosome binding in eEF1A remains only poorly understood. Thus, the four sites from ␣-helix D that are more conserved in bacteria may be under stronger functional constraints because of a unique interaction between EF-Tu and its ribosome. This hypothesis and the previous one for the distinct binding of EF-Tu to EF-Ts are complementary.
Five positions with slower rates in eukaryotes than bacteria (32-36) were predicted to form a unique ␣-helix at the surface of eEF1A, in combination with or separate from an adjacent insertion (Gaucher, Miyamoto, and Benner 2001) . Given its charged and hydrophobic residues, this unique ␣-helix was assigned a putative binding function in eEF1A. In EF-Tu, no such binding interactions were assigned to these sites, as they were neither conserved nor part of a rigid secondary structure. The posterior probabilities and tertiary structure for eukaryotes reconfirms the status of these five sites (table  1) and document the existence of this ␣-helix between positions 32-39 in eEF1A ( fig. 1) . These results support the hypothesis that this unique secondary structure confers distinct binding properties onto eEF1A. Biochemical and structural studies of eEF1A, bound to its ribo-some and to additional ligands, are now needed to identify which factor(s) interacts with this unique secondary element. Interestingly, the Gag polyprotein of the human immunodeficiency virus interacts specifically with an unknown binding domain of eEF1A somewhere between its first 74 residues (Cimarelli and Luban 1999) .
The posterior probability analysis and tertiary structure of eEF1A corroborate the above hypotheses of functional divergence between EFs. In turn, they also support the refinement of other hypotheses (Gaucher, Miyamoto, and Benner 2001) . Three sites with slower rates in eukaryotes than bacteria (51, 216, and 263) were identified from around the binding regions of EF-Tu to aa-tRNA. Thus, these three positions were hypothesized as important in the interactions of eEF1A (but not EFTu) with this ligand. Although the posterior probability analysis reconfirms the status of these sites (table 1), the recent tertiary structure of eEF1A shows that these three positions contribute to a salt bridge and reside within a unique hydrophobic pocket at the surfaces of domains 1 and 2 for eEF1B␣ binding, respectively ( fig. 1) . Thus, the new crystal structure of eEF1A supports a modified version of the original hypothesis that these three sites are evolving slower in eukaryotes because of functional constraints from aa-tRNA binding. Rather, it documents that these slower rates are a consequence of the unique interactions of eEF1A with its nucleotide exchange factor.
␣-helix D is conserved in both EF-Tu and eEF1A, even though it is not involved in the binding of the latter to eEF1B␣. Instead, this conserved structure on the surface of both EFs may be responsible for the binding of eEF1A to the actin of the eukaryotic cytoskeleton (Gaucher, Miyamoto, and Benner 2001) . This possibility is supported by the sequence similarity between ␣-helix D of eEF1A and the actin-binding region of depatin (Yang et al. 1990) . eEF1A occurs at both the nucleus and ribosomes and binds both charged and uncharged tRNAs (Negrutskii and El'skaya 1998) . Taken together, these arguments raise the intriguing corollary that these sites may be responsible in eukaryotes for the ability of eEF1A to channel tRNAs between the nucleus and ribosomes (Grosshans, Simos, and Hurt 2000) .
The new crystal structure of eEF1A allows for stronger hypotheses about the importance of particular sites in the functional divergence of EFs. In turn, these refined hypotheses can now be directly tested with standard molecular biology techniques such as site-directed mutagenesis and yeast 2-hybrids. These laboratory experiments complete an integrated research program that holds considerable promise for the resolution of difficult problems in functional genomics.
